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@ A sidestream flow sensor for spirometry. 



@ An improved spirometer for measuring the 
flow rate of breaths includes a mainstream 
conduit having a fixed or variable restrictor (14) 
formed therein for producing a pressure diffe- 
rential across the restrictor, and one or more 
sidestream conduits having a first end (18) in 
fluid communication with the mainstream con- 
duit, upstream of the restrictor, and a second 
end (20) in fluid communication with the restric- 
tor. A thermal flow sensor (24) is disposed 
within each sidestream conduit, and includes a 
heater element (76) and a pair of temperature 
sensors (78,80) located upstream and down- 
stream of the heater element connected in a 
bridge configuration to generate an analog sig- 
nal for output to a data processing system to 
measure the flow rate of breath in the tube. 
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BACKGROUND OF THE INVENTION 
Field of the Invention 

This invention relates generally to a method and 
apparatus for measuring flow and, more particularly, 
to an apparatus which measures patient airflow in a 
ventilator used to provide respiration support to a pa- 
tient. 

Description of the Related Art 

Among the techniques that have been utilized for 
measuring the volume of air moved into or out from 
the lungs of a patient being supported by a respirator 
are: (1) a hot film element, inserted into the patient's 
airstream in conjunction with a thermistor; (2) a plur- 
ality of hot wires inserted into the patient's airstream; 
and (3) a flow linearizer or restrictor inserted into the 
patient's airstream to provide a pressure drop propor- 
tional to the flow rate. The hot film and hot wire de- 
vices have the advantage of providing a very sensi- 
tive fast response to extremely low flow rates. Unfor- 
tunately, exposed hot film and hot wire devices are 
vulnerable to airborne particulates which may coat or 
damage the heated element. Sensors incorporating a 
linearizer element generally have a rather limited 
range of flow rates for which the sensor response is 
linear. Furthermore, the linearized sensors typically 
require a high quality, relatively expensive pressure 
transducer and tend to be pneumatically noisy. 

Another limitation of such conventional devices is 
the placement of an obstruction in the patient airway 
which is thus vulnerable to the accumulation of mu- 
cus, medicants, and moisture condensation, which 
can result in flow measurement errors. These ad- 
verse environmental conditions, combined with the 
fragility of hot film and hot wire devices, contribute to 
the tendency of such sensors to prematurely deteri- 
orate and cease to function. Furthermore, such sen- 
sors tend to be difficult to clean, and in general, are 
usually too expensive to be readily disposable. 

Various attempts have been made to reduce the 
vulnerability of such devices. For example, shrouds 
have been introduced to shield the hot film and hot 
wire elements. Other configurations utilized in at- 
tempts to resolve these problems include instruments 
having a mainstream restrictor and a thermal sensing 
flow tube instead of a pressure transducer. However, 
such devices tend to respond slowly to variations in 
the measured airflow due to their enclosed configur- 
ation. Another approach has been the use of a main- 
stream restrictor in fluid communication with a side- 
stream or bypass system, with a paddle mounted on 
a movable lever extending from a strain gauge posi- 
tioned within the sidestream. This particular device, 
however, is mechanically d licate, and is susceptible 
to many of the same problems described above. 
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Hence, those concerned with the development 
and use of flow sensors have long recognized th 
need for a sensitive, rugged and low costflow sensing 
system for accurately measuring patient flow rates. 
Embodiments of the present invention offer a solution 
to these requirements. 

SUMMARY OF THE INVENTION 



Briefly, and in general terms, embodiments of the 
present invention provide a new and improved meth- 
od and apparatus for sensitive and accurate measure- 
ment of air flow to and from a patient intubated on a 
respirator. One embodiment is particularly useful as 
15 an improved spirometer which diverts a proportional 
amount of air from a mainstream conduit along aside- 
stream conduit for measurement 

In accordance with a particular embodiment of 
the invention, at least one sidestream flow path is pro- 
20 vided in fluid communication with a mainstream flow 
conduit between the patient and a respirator. The 
mainstream conduit preferably contains a restrictor 
which acts to divert a portion of the flow through the 
sidestream flow path. The sidestream flow through 
25 the sidestream flow path is measured to provide an 
indication of flow in the mainstream flow conduit. A 
plurality of appropriately sized sidestream flow paths 
and associated sensors may be used to accurately 
measure mainstream flow circuit flow rates over a 
30 range of flow rates. The flow sensors in the side- 
stream flow paths are preferably thermal bridge type 
sensors each including a heater element and a pair of 
temperature sensors upstream and downstream from 
the heater element and arranged in a bridge conf ig- 
35 uration. A computer and switching means may be 
used to sense the flow rate through at least one side- 
stream sensor and determine the flow rate of the 
mainstream flow conduit on the basis of the outputs 
of the sidestream sensor. In one embodiment of the 
40 invention, a general purpose computer may be pro- 
grammed with tabular information of sidestream flow 
sensor outputs as a function of main flow conduit flow 
rates, thereby allowing a calculation of mainstream 
conduit flow rates on the basis of sidestream flow 
45 sensor outputs. 

In one preferred embodiment of the present in- 
vention, which is included by way of example and not 
necessarily by way of limitation, the mainstream con- 
duit includes a venturi. A small portion of the air f low- 
50 ing through the mainstream conduit is diverted 
through a sidestream sensor subsystem. The side- 
stream sensor subsystem includes at I ast one side- 
stream conduit having a cross-sectional area signifi- 
cantly less than the mainstream conduit. One end of 
55 the sidestream conduit has a positive pressure port in 
fluid communication with the mainstream conduit up- 
stream from a venturi throat. The other end of the 
sidestream conduit has a negative pressure port in 
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fluid communication with the mainstream conduit at 
the venturi throat. In such an arrangement, the flow 
of gas through the sidestream conduit is approxi- 
mately proportional to the flow through the main- 
stream conduit. A sidestream sensor disposed within s 
the sidestream conduit generates an output signal for 
later conditioning and translation into various patient 
airflow parameters. A small bacteria type filter may 
also be positioned in the sidestream conduit. A bias 
airflow system may be used to maintain a constant w 
flow through the venturi throat, reducing the effects 
of moisture condensation within the mainstream and 
sidestream conduits. The mainstream conduit may be 
arranged vertically to preventthe accumulation of flu- 
ids in the mainstream conduit and the sidestream 15 
conduit. 

In an alternative embodiment for measuring pa- 
tient airflow the invention includes a mainstream con- 
duit and sidestream sensor subsystem, and an addi- 
tional outer conduit surrounds the mainstream con- 20 
duit The incoming moisture laden gas is directed 
against the exterior of the mainstream conduit for 
countercurrent heat exchange with the mainstream 
conduit. Moisturee carried within the incoming mois- 
ture laden gas cools and condenses upon the exterior 25 
walls of the mainstream conduit. The dried air then 
flows through the sensor system and also through 
the vertical venturi as in the other embodiment. Con- 
densation collects on the exterior of the mainstream 
conduit, and, with time, coalesces to collect within a 30 
reservoir at the bottom of the apparatus. 

In still another preferred embodiment of the pres- 
ent invention, the sidestream system may include a 
plurality of sidestream conduits of various cross- 
sectional areas, each with an associated thermal 35 
bridge type sensor operative to sense the flow 
through its sidestream. Through design and experi- 
mentation, the sidestream conduits may be sized to 
provide indications of flow in the main conduit over a 
range of flow rates beyond the range of a single side- 40 
stream. The outputs of the sidestream flow sensors 
may be provided to an indicator means which derives 
a measure of flow rate through the mainstream con- 
duit from the output of the sidestream sensors. One 
form of indicator means for such a purpose may in- 45 
elude a computer including microprocessor means 
programmed to relate the output of the flow sensors 
to the main conduit flow rate. In practice, it has been 
found that by utilizing a plurality of sidestreams of va- 
rious cross-sectional areas, the measurement may so 
be reliably obtained over a range of mainstream flow 
rates well beyond the range of a single sidestream 
flow s nsor. When using such a scheme, the output 
of the sidestream sensors may be determined as a 
function of the mainstream conduit flow rate and such 55 
data stored as a "table look up" function of the type 
well known in the computer arts to determine main 
conduit flow rates from the sidestream sensor out- 



puts. Alternatively, the information relating side- 
stream sensor output to the mainstream flow rates 
may be reduced to an algorithm incorporated in the 
computer software, thereby allowing the direct calcu- 
lation of the flow rates from the sidestream sensor 
outputs. In still another embodiment of the invention, 
the relationship of the outputs of the sidestream flow 
sensors to the mainstream conduit flow may be incor- 
porated in an electrical circuit other than a digital 
computer which operates to provide an indication of 
mainstream flow rates based upon the output signals 
from the sidestream flow sensors. 

From the above, it may be seen that embodi- 
ments of the present invention provide an improved 
method and apparatus for the measurement of flow 
in a ventilator system with a primary airway for con- 
veying breathing gases to and from a patient. These 
and other objects and advantages of the invention will 
become apparent from the following more detailed 
description, when taken in conjunction with the ac- 
companying drawings of the illustrative embodiment. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIGURE 1 is a perspective view of a flow sensing 
system in accordance with an embodiment of the 
present invention shown in combination with a 
ventilator; 

FIGURE 2 is a schematic, cross-sectional view of 
the flow sensing system of Fig. 1 ; 
FIGURE 3 is a perspective view of the flow sens- 
ing system similar to that of Fig. 1 showing a cut 
away view of a portion of the system; 
FIGURE 4 is a graph showing the desired venturi 
airflow characteristics as expressed in a relation- 
ship between differential pressure (AP) and pa- 
tient airflow (Q); 

FIGURE 5 is an enlarged fragmentary sectional 
view of a detachable segment of the flow sensing 
system of Fig. 1; 

FIGURE 6 is an enlarged, fragmentary sectional 
view of another embodiment of the detachable 
segment of the flow sensing system of Fig. 1 ; 
FIGURE 7 is an enlarged fragmentary perspec- 
tive view of the mainstream conduit in combina- 
tion with a bias flow embodiment of the flow 
sensing system of Fig. 1 ; 
FIGURE 8 is a schematic view of the sidestream 
flow path of the flow sensing system of Fig. 1; 
FIGURE 9 is a graph showing the relationship be- 
tween sidestream flow (q) and venturi pressure 
differential (AP); 

FIGURE 10 is a graph showing the relationship 
between sidestream flow (q) and patient airflow 

(Q); 

FIGURE 11 is a schematic diagram of the thermal 
bridge type of flow sensor of the flow sensing 
system of Fig. 1; 
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FIGURE 12 is a graph showing the relationship 
between the thermal bridge type sensor DC ana- 
log signal and sidestream flow; 
FIGURE 13 is a graph showing the relationship 
betwe n the thermal bridge type sensor DC ana- 5 
log signal and patient airflow; 
FIGURE 14 is an alternative embodiment of the 
flow sensing system of Fig. 1; 
FIGURE 1 5 is a fragmentary cross-sectional view 
of a further embodiment of the flow sensing sys- 10 
tern of Fig. 1 ; 

FIGURE 16 is a graph showing the relationship 
between the thermal bridge type sensor DC ana- 
log signal and sidestream flow of the flow sens- 
ing system of Fig. 15; 15 
FIGURE 17 is a graph showing the relationship 
between the thermal bridge type sensor DC ana- 
log signal and patient airflow of the flow sensing 
system of Fig. 15; 

FIGURE 18 is a schematic, cross-sectional view 20 
of another embodiment of the flow sensing sys- 
tem of the invention incorporating a variable ori- 
fice mainstream restrictor and a plurality of side- 
stream conduits; 

FIGURE 1 9 is a schematic, cross-sectional view 25 
of the flow sensing system similar to that of Fig. 
18, with a single sidestream and a filter; 
FIGURE 20 is a graph showing the generally lin- 
ear relationship between the sidestream flow and 
a mainstream variable orifice pressure differen- 30 
tial (AP); 

FIGURE 21 is a graph showing the relationship 
between the variable mainstream orifice pres- 
sure differential (AP) and mainstream patient air- 
f,ow : 35 
FIGURE 22 is a graph showing the relationship 
between the sidestream flow and patient airflow 
through a mainstream variable orifice; 
FIGURE 23 is a graph showing the relationship 
between the thermal bridge type sensor DC ana- 40 
log signal and sidestream airflow; and 
FIGURE 24 is a graph showing the relationship 
between the thermal bridge type sensor DC ana- 
log signal and patient airflow through a variable 

orifice restrictor. AR 
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DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS " 

As shown in the exemplary drawings, which are 50 
included for the purposes of illustration and not by 
way of limitation, embodiments of the present inven- 
tion provide an improved sidestream flow sensor for 
accurat and reliabl measurement of airflow to and 
from a patient intubated on a respirator. Referring to 55 
Fig. 1, a flow sensing system 10 in accordance with 
an embodiment of the invention is shown in a typical 
position adjacent a respirator or ventilator apparatus 



11 and is provided with a novel construction which 
sensitively, accurately, and reliably determines para- 
meters of a patient intubated on the ventilator. As will 
be explained hereinafter in greater detail, the flow 
sensing system preferably includes at least a portion 
of the mainstream conduit 13 conducting airflow be- 
tween the ventilator and the patient. A narrowed re- 
strictor portion 14 is preferably formed in the main- 
stream conduit to divert a portion of the patient air- 
flows through a sidestream flow sensor subsystem 
16 having a positive pressure port 18 connected to an 
unrestricted portion of the mainstream conduit, and a 
negative pressure port connected to the narrowed re- 
strictor portion. Flow sensor means 14 is preferably 
provided in the sidestream conduit 26 connected for 
fluid communication between the positive and nega- 
tive ports, and filters 26 and 28 may be provided in the 
sidestream conduit on either side of the flow sensor 
means, to filter out small bacteria or other small par- 
ticulates, and thus minimize contamination of the 
sensor means. A bias flow subsystem having a bias 
flow conduit 54 and associated filter 53 may also be 
provided to insure that there will be a constant mini- 
mum flow of gas to the sidestream sensor subsystem. 

As can be seen more easily in the simplified 
schematic view of Fig. 1 shown in Fig. 2, the flow 
sensing system 10 includes a mainstream subsystem 

12 including at least a portion of a mainstream conduit 

1 3 wit h a narrowed restrictor portion 14 formed t here- 
; in. While in the presently preferred embodiment, the 

mainstream restrictor 14 is in the form of a gradually 
i narrowingjventuri throat 15, still further embodiments 
may incorporate a mainstream restrictor in a form 
other than a venturi restriction. Indeed, it is contem- 
plated that other forms of mainstream conduit restric- 
tors, fixed or variable, may be utilized. For example, 
capillary tubes, straight tubes, elbows or filter or 
screen materials may be incorporated as mainstream 
restrictors. The flow path of the sidestream sensor 
subsystem 16 is in fluid communication with the 
mainstream conduit 13 at a positive port 18 at a loca- 
tion in an unrestricted portion of the mainstream con- 
duit removed from the mainstream restrictor 14 and at 
negative port 20 within the mainstream restrictor 14. 
In a preferred embodiment, the negative port 20 is 
positioned at the most restricted or narrowest portion 
of the mainstream restrictor 14. Flow sensor means 
24 is disposed within the sidestream conduit 26 to 
generate an output signal indicative of the airflow 
therethrough. 

With reference to Fig. 3, showing a simplified per- 
spective view of the system of Fig. 1 without the con- 
duit filters, an external connecting conduit 31 prefer- 
ably places a patient (not shown) in fluid communica- 
tion with an exhalation check valve 34 of the ventilator 
in fluid communication with mainstream conduit 13, 
which in one preferred embodiment is in a generally 
vertical orientation. The mainstream restrictor 14, 
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when in the form of a venturi 15, has first and second 
gradually tapering portions 36 and 38 having outside 
ends connected to the unrestricted mainstream con- 
duit, and narrowed inside nds connected to the most 
constricted portion or orifice 40. The venturi 15 is di- 5 
mensioned to provide a differential pressure (AP) ap- 
proximately proportional to the square of the patient's 
airflow (hereinafter "Q") across the venturi. Fig. 4 
shows a curve 42, representing the relationship be- 
tween differential pressure AP and Q. Thus, when the 10 
patient has an airflow Q represented by point 44 on 
curve 42, a differential pressure represented by the 
point 46 is produced across the venturi. 

In one preferred embodiment illustrated in Figs. 5 
and 6, the venturi 15 may be advantageously formed 15 
within a detachable segment 50 of the mainstream 
conduit 1 3 having a venturi 1 5 connectable to the neg- 
ative port 20 of the sidestream flow sensor subsys- 
t m, which permits selection of an appropriately sized 
venturi constriction as required by the particular pa- 20 
tient. The detachable segment 50 is preferably con- 
structed of material which is either disposable or re- 
usable. If it is formed of reusable material, detachable 
segment 50 should be sterizabie by any suitable 
method. In general, there will be two preferred de- 25 
tachable segment 50 embodiments. The ventilator 11 
may be keyed for positive identification of which size 
is to be installed. 

In one particular embodiment for the adult patient 
referring now to Fig. 5, the detachable segment 50 in- 30 
eludes a venturi 15 having venturi tapered portions 36 
and 38 with an inside diameter at their widest part of 
about 5/8ths of an inch. The constricted portion or or- 
ifice 40 will have an inside diameter of about 3/8ths 
of an inch. Preferably, the length of the detachable 35 
segment 50, in this embodiment, is about three in- 
ches. An outside diameter of about 7/8ths of an inch 
is sufficient. In this configuration, backpressure (re- 
sistance) should be leas than six centimeters of H 2 0 
at 1 80 liters per minute (hereinafter "Ipm"). A differen- 40 
tial pressure AP across the venturi of approximately 
f if t en centimeters of H 2 0 will be generated by an air- 
flow of approximately 180 Ipm through a venturi with 
such a configuration. 

Alternatively, in a pediatric embodiment shown in 45 
Fig. 6, the detachable segment 50* includes a venturi 
15 modified to provide about one-fourth of the adult 
flow range. The pediatric detachable segment 50' has 
v nturi tapered portions having an inside diameter at 
their widest part of approximately 5/8ths of an inch, so 
the same as in the adult venturi. The pediatric venturi 
orifice 40' preferably has an inside diameter of about 
3/16ths of an inch. The length and the outside diam- 
ter of the pediatric segment 50' should be the same 
as in the adult venturi detachable segment 50 to allow 55 
for easily interchangeably. In this configuration, the 
backpressure (resistance) should be less than six 
centimeters of H 2 0 at forty-five Ipm and the differen- 



tial pressure (signal) should be about fifteen centime- 
ters of H 2 0 at forty-five Ipm. 

In one preferred embodiment illustrated in simpli- 
f i d form in Fig. 7, a bias flow system includes a bias 
flow conduit 54 in fluid communication with the pos- 
itive port 1 8 to effect a continuous minimal flow from 
a source 55 of pair through the sidestream flow path, 
even when no air is being forced through the main- 
stream venturi by the patient. For example, when the 
bias air supply has a flow rate represented by a great- 
er amount, i.e. , greater than the flow rate at some 
minimal value, an output signal of some measurable 
magnitude is produced continuously by the flow sen- 
sor, even though no airflow is being produced by the 
patient. Thus, when the patient exhales through the 
venturi, the gas flow sensor means always produces 
an output signal of a minimum threshold. The mini- 
mum threshold signal due to the bias airflow may 
thus be subtracted from the output signal indicating 
the actual flow, to give a measurement of the flow 
rate actually produced by the patient. 

This bias airflow of dry air advantageously mixes 
with the patient's moist breath to reduce the relative 
humidity within the venturi tube and to thereby re- 
duce condensation formation inside the venturi tube. 
Generally without bias air, the venturi 15 will get wet 
or stay wet depending on the flow rate or nebulization. 
The perceived error in the determined flow parame- 
ters at medium and high flows, e.g. , from about 100 
to about 200 Ipm, due to water droplets forming or 
blowing through the venturi orifice 40, seems to be 
negligible (less than 2%) and can probably be com- 
pensated for by calibration. However, fogging may oc- 
cur at low flows, e.g. , from about 1 to about 10 Ipm, 
and with nebulization, a heavy build-up in the throat 
and an attending error of up to 10% may occur 

The bias flow also provides other benefits. For 
example, the need for heating of any part of the flow 
sensor system 10 to reduce condensation is reduced. 
The bias flow helps keep the positive pressure port 
18 dry, and helps keep the patient's air out of the side- 
stream tubing circuit and sensor. In addition, filters 
used within the sensor sidestream subsystem remain 
drier since primarily dry bias blow air flows there- 
through. 

In addition to keeping condensation from forming 
on the venturi 15, and in the sidestream sensor sys- 
tem 16, the bias flow improves the quality of the out- 
put of the sensor. The bias air supply provides for 
more equal input and output signals for the same 
rates of inhalation and exhalation than would be pro- 
duced if no bias air supply were present. In addition, 
the bias air supply improves the low range sensitivity 
of the 3/8ths inch venturi from a minimum of 3 Ipm to 
minimum of 1 Ipm. The error due to zero drift at this 
point is approximately plus or minus 2 Ipm, but with 
auto zero, the drift error may be reduced to plus or 
minus 1/2 Ipm. With a 12 bit a/d and an analog input 
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range of 1.0 millivolt ("mv") to about 4.0 volt, the re- 
solution at this minimum point will be plus orminus 1/2 
Ipm. The net minimum is then plus or minus 1 Ipm. In 
a preferred embodiment, the bias flow should be 
about 5 Ipm plus or minus 25%, with a stability of plus 5 
or minus 5%. This provides a minimum resolution of 
1 1pm at the low flow in the adult venturi embodiment, 
and better than .25 Ipm at low flow in pediatric venturi 
embodiment 

As can best be seen in Fig. 8, the sidestream sub- 10 
system 16 is in fluid communication with the main- 
stream conduit 13 through the positive and negative 
ports 18 and 20, respectively, and through side- 
stream connecting tubing 64, having a cross- 
sectional area significantly less than that of the main- 15 
stream conduit, extending from the positive port 18 
and negative port 20 to be in fluid communication 
through sensor means 24. The sidestream connect- 
ing tubing may for example be silicone tubing having 
approximately an 1/8th of an inch inside diameter. 20 
First and second precision output scaling restrictors 
66 and 68, respectively, preferably in the form of a 
venturi, and having about a 10/1000ths of an inch in- 
side diameter, are placed symmetrically within the 
sidestream connecting tubing 64 or either side of the 25 
sensor means, and are in fluid communication with 
the inlet 70 and outlet 71, respectively, of the flow 
sensor means 24. The output scaling restrictors allow 
scaling of the flow to the sensor means, and filtering 
of pneumatic noise from the flow sensor subsystem. 30 
Maintaining symmetry in both lengths of the side- 
stream connecting tubing 64 and symmetry in the 
positioning of the restrictors 66 and 68 facilitates good 
common mode rejection of pneumatic noise, for ex- 
ample, a reduction in pneumatic noise of about 10 to 35 
about 100 times has been noted. In one particularly 
preferred embodiment, the output scaling restrictors 
of the sidestream sensor subsystem allow scaling of 
the sidestream flow ("q") to be generally proportional 
to the square root of venturi differential pressure AP, 40 
le^ q oc VAP. In Fig. 9 curve 71 represents this pre- 
ferred relationship between sidestream flow q and 
venturi differential pressure AP. Sidestream flow q, 
will also generally be directly proportional to the pa- 
tient airflow (Q), and as is shown in Fig. 1 0, which de- 45 
picts curve 73, representing the relationship between 
sidestream flow and patient airflow. In this embodi- 
ment, sidestream airflow, q, should be approximately 
the patient airflow Q divided by 1,000. 

The flow sensor means 24 preferably comprises so 
on or more sensors constructed so as to provide one 
or more output temperature compensated DC analog 
signals (E G ) representing the flow through the side- 
stream flow path. In a preferred embodiment, as is il- 
lustrated in Fig. 11, the sensor means 24 preferably 55 
comprises at least one miniaturized thermal bridg 
type linear mass flow s nsor 74, such as a mass air- 
flow integrated circuit chip sensor available, forexam- 

6 



pie, under the trademark MICROBRIDGE from Mi- 
croswitch, although other similar types of flow s n- 
sors may also be suitable. The bridge type flow sen- 
sor preferably includes a heater element 76 and first 
and second bridge temperature sensitive elements 78 
and 80 such as thermistors, all disposed within the 
sidestream flow path. The first temperature sensitive 
element 78 upstream of the heater element is cooled 
by the airflow, and the second temperature sensitive 
element 80 downstream of the heater element is heat- 
ed by heat from the heater element 76 carried by the 
airflow. Changes in temperature affect both elements 
substantially equally, and the bridge configuration of 
these elements is thus essentially responsive to the 
temperature differential between the temperature 
sensitive bridge elements. The bridge configuration of 
the temperature sensitive elements 78 and 80 thus 
provides a temperature compensated output DC ana- 
log signal linearly proportional to the mass airflow. 
This relationship is illustrated in Fig. 12 by curve 82. 
The bridge typically satisfies the following perfor- 
mance standards: a voltage of ten volts DC; a flow 
range of about zero to fifty mlpm linear, 200 mlpm 
maximum; an output of five volts DC at 200 mlpm and 
an operating temperature of zero to seventy degrees 
centigrade operating ambient with a humidity of about 
85% max, throughout the air. 

The flow sensor 74 is preferably a linear mass 
flow sensor with a low flow range of about zero to 
about 150 milliliters per minute ("mlpm"). Since the 
desired patient airflow range is to be measured up to 
300 Ipm, the precision venturi output scaling restric- 
tions and the venturi restriction placed in the main- 
stream typically provide a resultant side flow of ap- 
proximately 1/2000th of the main flow for measure- 
ment by the flow sensor. Associated electronic circui- 
try to the flow sensor, as shown in Fig. 11, provides 
amplification, a no-flow zero adjustment and a maxi- 
mum-flow span adjustment for standardizing the ana- 
log signal. The accompanying bridge amplifier 84 pre- 
ferably will have zero and span adjust potentiometers. 
These potentiometers allow adjustment of the signal 
to compensate for non-uniformity of the flow sensor 
74, output scaling restrictors 66 and 68 and bias flow. 
They may be factory adjusted at zero and full scale 
flow. Readjustment should only be required if the bias 
flow system 54, sensor 74, or restrictors 66 or 68 are 
changed. The amplifier 84 is also provided to enable 
low pass filtering to obtain optimum noise rejection, 
with 15 ms response time. 

The venturi method of generating side flow intro- 
duces some non-linearity so that linearization must 
be employed in subsequent signal conditioning. The 
output signal Eo of the flow sensor is then approxi- 
mately proportional to patient airflow Q, as illustrated 
in Fig. 13. The classical method of linearization utiliz- 
ing a conventional microprocessor, is to digitize the 
analog signal and use the digital value in a look-up ta- 
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ble to determine a corresponding corrected digital 
value of the flow rate. The integral of the flow rate, 
typically calculated with a microprocessor, provides a 
measure of the patient tidal volume, which is the aver- 
age volume of exhaled air per breath. Breathing rate 
(the average reciprocal of time between breaths), 
and minute volume (flow rate times tidal volume) are 
also determined by the microprocessor. 

In an alternative preferred embodiment illustrat- 
d in Fig. 14, warm exhaled patient air is communicat- 
ed through the external connecting conduit 90 into a 
coaxial venturi chamber 92. The warm, moisture la- 
den air passes from the external connecting conduit 
through communicating port 94 into the interior 96 of 
the coaxial venturi chamber 92 to permit countercur- 
r nt heat exchange of the warm air with the typically 
relatively cooler mainstream conduit 13 and venturi 
orifice 97 disposed therein. As the interior coaxial 
mainstream venturi orifice 97 is warmed, the warm 
moist air is cooled, and moisture is thus condensed 
from the exhaled patient air impinging upon the exter- 
ior surface 98 of the venturi orifice 97. As a result, the 
condensation of moisture may collect upon the exter- 
ior surface to coalesce, and drip down to a container 
100 depending from the bottom of the venturi cham- 
ber 92. The "dried" air, as indicated by arrows 101, 
passes through the interior 96 and up to the opening 
of the venturi mainstream conduit 13. The positive 
port 18 is maintained upstream of the orifice 40 for 
fluid communication with a sidestream flow subsys- 
tem 16. As with the previously described embodi- 
ment, the sidestream flow path exits into the most re- 
stricted part of the venturi orifice 97 for exhaust out 
of the system 10. 

In another preferred embodiment illustrated in 
Fig. 15, the flow sensor subsystem 110 comprises a 
plurality of flow sensors in fluid communication with 
the mainstream conduit 13. The mainstream conduit 
1 3 in this embodiment may be substantially horizontal 
or vertical. The flow sensor subsystem 110 includes 
at least first and second sidestream sensor conduits 
112 and 114 connected for fluid communication with 
the mainstream conduit 13 and with first and second 
sensors 116 and 118, respectively, through positive 
and negative ports 120 and 122 and sidestream con- 
necting tubing 124 and 126. The sidestream conduits 
112 and 114 have a proximal end 128 in fluid commu- 
nication with the mainstream conduit 13, upstream of 
th mainstream restrictor, e.g. , the mainstream ven- 
turi 15, and a distal end 129 in fluid communication 
with the mainstream conduit downstream of the main- 
stream restrictor. 

In this embodiment, a plurality of sidestream sen- 
sors having inlet and outlet connecting tubing of dif- 
ferent sizes for each sensor to provide different flow 
rates to ach sensor is utilized to maximize sensitivity 
and range of functional linearity of measured mass 
flow rates. By varying the sizing of sidestream con- 
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duits connected to each sensor, or use of differently 
sized sidestream restrictions for each sidestream 
conduit, each sidestream flow sensor will have a dif- 
ferent sensitivity and linear range of functionality. 
5 Combining or selecting the signal outputs of sensors 
from these differently sized conduits or sidestream 
restrictions can provide a composite output having a 
broader linear functionality range than that of a single 
venturi conduit system. The CPU may be program- 
to med to determine an approximate rate based upon 
signal outputs of one or more of the sensors and to 
select or switch to signal output from an individual 
search having a range of linear functionality encom- 
passing the approximate flow rate, for determination 

15 of a more precise flow rate. Thus, by combining out- 
puts from multiple sidestream conduits, each with a 
unique sensitivity and linearity range, the sensor sub- 
system 110 can be tuned to provide a more desirable 
response curve over selected mass flow rates. 

20 For example, still referring to Fig. 15, an orifice 

restrictor 130 is formed or positioned within the sec- 
ond sidestream conduit 114. The first sidestream con- 
duit 112, having no restrictor therein, has a mass flow 
sensitivity which is more sensitive and accurate, La, 

25 achieves linear functionality at lower mass flow rates, 
than the second sidestream conduit 114. First and 
second flow rate sensors 116 and 118, respectively, 
are disposed or positioned, respectively, within first 
and second sidestream conduits 112 and 114 and are 

30 electrically connected to conduct their output signals 
to the computer or central processing unit (CPU) 136. 
CPU 136 receives the output from both of the sen- 
sors, generally proportional to the mass flow rate 
through the mainstream conduit 13, to analyze and 

35 compare each signal relative a standard, usually by 
comparing a digital representation of each sensor's 
output to a look-up table, to ascertain which of the 
sensor's output is functionally more linear. After mak- 
ing the selection as to which E Q is the most linear, that 

40 output can then be manipulated to determine the 
mainstream flow rate. 

Fig. 16 represents the generally linear propor- 
tional relationship between the temperature DC ana- 
log signal (E 0 ) and mass airflow of (q) the plural or 

45 multiple sidestream conduit system 1 1 0. As compared 
with Fig. 12, Fig. 16 illustrates an increased sensitiv- 
ity and linearity of the DC analog signal at lower mass 
flow rates and insensitivity at higher mass flow rates 
for a net overall increase in the operational response 

50 range of a plural sensor subsystem. After linearization 
in subsequent signal conditioning, a composite re- 
sponse curve can be formed based upon E D that is 
approximately proportional to mainstream patient air- 
flow (Q), over a wider range of flow rates. Fig. 17 il- 

55 iustrates the difference in the responsiveness of a 
multiple sidestream conduit system as compared with 
the functionality of a single sidestream conduit sys- 
tem as shown in Fig. 13, particularly at low main- 

7 
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stream flow rates. 

Referring now to Fig. 18, another embodim nt of 
a spirometer in accordance with the present inv ntion 
includes a variable orifice restrictor 1 32 formed within 
the mainstream conduit 13. Mainstream conduit 13 is 
formed within orifice body 133. The variable orifice 
restrictor 132 provides a variable backpressure to the 
airflow, indicated by arrow 134, through the main- 
stream conduit 13. Positive port 137 and negative 
port 138 are connected for fluid communication with 
sensor 140 and sensor 141 to provide signal outputs 
functionally related to patient airflow Q. The sensors 
140 and 141 may advantaeously have differently 
sized output scaling restrictors 144 and 146, respec- 
tively, to provide different ranges of functional linear- 
ity of signal response. Alternatively, the multiple sen- 
sors may be replaced by a single sensor, as described 
earlier, to be used in combination with the main- 
stream variable orifice restrictor. 

Referring now to Fig. 1 9, a variable orifice restric- 
tor 132 identical to the restrictor shown in Fig. 18 ex- 
tends substantially entirely across the mainstream 
conduit 13. In one embodiment the variable orifice re- 
strictor 132 includes a flexible flap 142 having a first 
end or base 148 mounted to one side 150 of the main- 
stream conduit 13. The mainstream conduit 13 may 
also include at least a first and second conduit por- 
tions 154 and 156 which terminate in a first and sec- 
ond juxtaposed surfaces 158 and 160. A second or 
distal portion 162 of the flap 142 extends substantial- 
ly entirely across the mainstream conduit 13 and 
moves, under the influence of mass airflow, indicated 
by arrow 164, between a first position extending sub- 
stantially transversely across the mainstream conduit 
with the distal end of the flap adjacent to the side of 
the conduit opposite the base of the flap, and a sec- 
ond position in which the distal end of the flap extends 
substantially downstream within the mainstream con- 
duit and toward the side of the mainstream conduit to 
which the base of the flap is attached. This variable 
orifice restrictor 1 3 thus provides a variable backpres- 
sure. Sidestream subsystem 16, in fluid communica- 
tion with the mainstream conduit 1 3, as more fully de- 
scribed elsewhere in this application, includes posi- 
tive and negative ports 18 and 20, fluidly communi- 
cated by sidestream connecting tubing 64. Sensor 24 
is fluidly connected to the mainstream conduit 13 
through tubing 64 and positioned downstream of the 
output scaling restrictor 166 and filter 168 to provide 
an output E 0 . The preferred scale of the sidestream 
flow is currently typically from about 1/1 200th of the 
mainstream flow to about 1/12,000th of the main- 
stream flow, for use with the variable orifice type 
mainstream restrictor. Thus for the variable orifice re- 
strictor the sidestream flow rate would be typically 
about 200 ml/min. for 40 l/min. flow in the patient air- 
way for the low flow scale, and about 200ml/min. for 
400 l/min. flow in the patient airway for the high flow 



scale. 

By this construction, the variable orifice system 
creates a sidestream flow ("q") generally proportional 
to the variable differential pressure AP. This is best 
5 understood by referring to Figure 20, which depicts 
curve 170 representing the relationship between 
sidestream flow q and the variable venturi differential 
pressure AP. However, as distinguished from the 
fixed restrictor venturi embodiments, the differential 
10 pressure AP will functionally vary with patient airflow 
due to the changing back pressure or resistance of 
the variable orifice with increased flow within th 
mainstream conduit. This relationship tends to be- 
come linearly proportional at higher patient airflow Q. 
15 This relationship is best understood by referring to 
Figure 21 which depicts curve 172 as representing 
the relationship between differential pressure AP and 
patient airflow Q. 

Sidestream flow q, then, will be functionally relat- 
20 ed to mainstream flow rates through a variable re- 
strictor orifice at lower patient airflow values, and will 
be generally directly proportional at higher airflow 
values. This relationship is best understood by refer- 
ring to figure 21, which depicts curve 174 as repre- 
25 senting the relationship between sidestream flow q 
and patient airflow Q. As sidestream mass airflow 
passes over the bridge elements of the flow sensor, 
the sensor generates a temperature compensated 
DC analog signal E Q which is linearly proportional to 
30 sidestream mass airflow q. This is best understood by 
referring to Fig. 23 which depicts curve 1 76 as repre- 
senting the relationship between Eo and sidestream 
flow q. The flow sensor signal E Q is approximately 
proportional to the square root of the mainstream 
35 flow through a variable restrictor orifice, as is best un- 
derstood with reference to Fig. 24, which depicts 
curve 180 as representing the relationship between 
output E 0 and patient airflow Q. Thus, for a variable 
orifice restriction, the flow sensor signal E 0 can be 
40 squared and scaled to yield the patient airflow rate Q. 
The square root curve illustrated in Fig. 24 provides 
enhanced sensitivity to low flow rate changes, and a 
look-up table can be used to provide precision 
squares determinations. 
45 In summary, for all sidestream flow sensors util- 

ized with a fixed mainstream venturi restriction, the 
relationship of the voltage of the sidestream sensor 
output signal E Q to the mainstream patient airflow is 
approximately linear. Therefore, one preferred meth- 
50 od which could be implemented by the computer 136 
in determining mainstream flow rate (Q) involves 
scaling the output signal E Q by a multiplicative factor 
(a) and an additive factor (b), where a and b can b 
determined through calibration of the sid~ str am 
55 flow sensor. Such a scaling method for d t rmining 
mainstream flow rate according to the equation Q = 
aEo + b can alternatively be implemented in an el c- 
trical circuit. A computer or microprocessor is prefer- 
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ably used to determine the mainstream flow rate by 
selecting a flow rate value corresponding to the sen- 
sor output signal from a look-up table stored in a mem- 
ory device of the comput r or microprocessor, as ex- 
plained above. 

For sidestream flow sensors utilized with a vari- 
able mainstream orifice, the sidestream sensor signal 
output voltage E Q is approximately proportional to the 
square root of the mainstream flow (Q). A computer 
of microprocessor could similarly be implemented to 
determine the mainstream flow rate by determining 
the square of the sensor output voltagesignal E 0 , and 
scaling the value (E Q ) 2 by a multiplicative factor a and 
an additive factor b, according to the equation Q = 
a(E Q ) 2 + b, with a and b similarly being determined by 
calibration of the sensor. A look-up table is similarly 
preferably implemented by the computer of micropro- 
cessor to select a flow rate value corresponding to 
the sensor output signal voltage, as explained above. 

It will be appreciated from the foregoing that the 
present invention represents a significant advance in 
the field of spirometry. In particular, embodiments of 
the present invention provide a sensitive, accurate 
and rugged method for measuring the flow rate of the 
particular ventilator. The newly developed sidestream 
flow sensor avoids problems asoociated with an ob- 
struction in the airway by use of a restrictive venturi 
placed in the mainstream flow conduit. Furthermore, 
by having the venturi constructed to prevent conden- 
sation in the critical throat area without applied heat, 
the fluctuations in patient's respiration readings are 
minimized. Since the sensor 24 is located in a side- 
stream position, only filtering of the sidestream is re- 
quired and not the mainstream, thereby reducing 
costs and flow resistance. The removable segment of 
the mainstream conduit containing the mainstream 
restriction and associated sidestream sensor means 
also allows for convenient maintenance of the side- 
stream flow sensor. 

It will also be appreciated that, although presently 
preferred embodiments of the invention have been 
d scribed by way of example, various modifications 
may be made without departing from the spirit and 
scope of the invention. Accordingly, the present in- 
vention is not to be limited except as by the appended 
claims. 



Claims 

1. A flow sensing system suitable for measuring a 
flow rate of gas comprising: 

a mainstream conduit adapted for carrying 
a flow of said gas therethrough and having 
means for restricting gas flow through said main- 
stream conduit for producing a pressure dif f ren- 
tial between an upstream portion of said gas flow 
on one side of said means for restricting gas flow 
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and a downstream portion of said gas flow ex- 
tending from within said means for restricting gas 
flow to the other side of said means for restricting 
gas flow; 

5 a sidestream flow subsystem including at 

least one sidestream conduit having a cross- 
sectional area significantly less than said main- 
stream conduit and having a proximal end thereof 
connected to said mainstream conduit for fluid 

10 communication with said upstream portion of 

said gas in said mainstream conduit and a distal 
end connected to said mainstream conduitfor flu- 
id communication with said downstream portion 
of said gas in said mainstream conduit; 

15 thermal flow sensing means disposed 

within each said sidestream conduit and opera- 
tive to generate an output signal representing 
said sidestream flow rate; and 

means connected to said thermal flow 

20 sensing means for determining the flow rate of 

gas within said mainstream conduit responsive to 
said output signal. 

2. The flow sensing system of Claim 1 , wherein said 

25 sidestream flow subsystem comprises first and 

second sidestream conduits, each of said side- 
stream conduits having flow rates significantly 
less than that of said mainstream conduit, and 
each of said sidestream conduits having a proxi- 

30 mal end thereof in fluid communication with said 

mainstream conduit upstream from said means 
for restricting gas flow and a distal end in fluid 
communication with said mainstream conduit 
downstream of said means for restricting gas 

35 flow, said sidestream conduits having at least 

one restricted portion, and said restricted por- 
tions of said plurality of sidestream conduits be- 
ing differently sized; 

said thermal flow sensing means compris- 

40 es first and second thermal flow sensors dis- 

posed within said first and second sidestream 
conduits, respectively, for generating output sig- 
nals indicative of said gas flow rate through said 
mainstream conduit; and 

45 means for selecting one of said output sig- 

nals from said first and second flow sensors for 
use by said means for determining said flow rate 
of gas in said mainstream conduit. 

so 3. A flow sensing system suitable for measuring a 
flow rate of gas comprising: 

a mainstream conduit adapted for carrying 
a flow of said gas therethrough and having 
means for restricting gas flow through said main- 

55 stream conduit for producing a pressure differen- 

tial between an upstream portion of said gas flow 
on one side of said means for restricting gas flow 
and a downstream portion of said gas flow ex- 
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tending from within said means for restricting gas 
flow to the other side of said means for restricting 
gas flow; 

a sidestream flow subsystem including a 
plurality of sidestream conduits, each of said s 
sidestream conduits having cross-sectional 
areas significantly less than that of said main- 
stream conduit, and each of said sidestream con- 
duits having a proximal end thereof in fluid com- 
munication with said mainstream conduit up- 10 
stream from said means for restricting gas flow 
and a distal end in fluid communication with said 
mainstream conduit downstream of said means 
for restricting gas flow, said sidestream conduits 
having at least one restricted portion, and said re- 15 
strictions of said plurality of sidestream conduits 
being differently sized; 

thermal flow sensing means disposed 
within each of said plurality of sidestream con- 
duits operative to generate output signals indica- 20 
tive of said gas flow rate through said mainstream 
conduit; 

means for selecting one of said output sig- 
nals from said plurality of flow sensors for use by 
said means for determining said flow rate of gas 25 
in said mainstream conduit; and 

means connected to said thermal flow 
sensing means for receiving said selected output 
signal and determining the flow rate of gas within 
said mainstream conduit responsive to said se- 30 
lected output signals. 

4. The flow sensing system of any preceding claim, 
wherein said means for restricting gas flow is a 
fixed orifice restrictor. 35 

5. The flow sensing system of Claim 4, wherein said 
means for restricting gas flow is a venturi having 
a narrowed throat formed within said mainstream 
conduit for restricting the flow of gas there- 40 
through* and wherein said distal end of said side- 
stream conduit is connected to said venturi 
throat. 



8. 



flexibly is mounted to said first side of said main- 
str am conduit, and said flap is free to move be- 
tween a first position extending generally trans- 
versely across said mainstream conduit and a 
second position in which said distal end extends 
generally downstream from said first position. 

The flow sensing system of any preceding claim, 
wherein said gas is laden with moisture at an ele- 
vated temperature and said mainstream conduit 
is surrounded by an outer conduit arranged to di- 
rect said flow of moisture laden gas against said 
mainstream conduit so as to transfer heat to said 
mainstream conduit 



6. The flow sensing system of any of Claims 1 to 3, 45 
wherein said means for restricting gas flow is a 
variable orifice restrictor positioned within said 
mainstream conduit, and wherein said distal end 

of said sidestream conduit is connected to said 
mainstream conduit on said other side of said va- 50 
riable orifice restrictor. 

7. The flow sensing system of Claim 6, wherein said 
mainstream conduit includ s a first inner longitu- 
dinal side and a second inner longitudinal side 55 
substantially opposite said first side, said variable 
orifice restrictor includes a flap having a proximal 
base end and a distal end, said proximal base end 

10 



9. The flow sensing system of Claim 8, wherein said 
mainstream conduit is generally vertically dis- 
posed. 

1 0. The flow sensing system of Claim 9, wherein said 
mainstream conduit has an outer surface, and 
further including receptacle means, said recepta- 
cle means depending from said outer conduit and 
in fluid communication with said exterior surface 
of said mainstream conduit, for receiving fluid 
therein. 

11. The flow sensing system of any preceding claim, 
wherein said sidestream conduit includes a filter 
to remove contaminants from the gaseous 
stream. 

12. The flow sensing system of any preceding claim, 
wherein said mainstream conduit includes a de- 
tachable segment, and the sidestream conduit is 
connected for fluid communication with said de- 
tachable segment of said mainstream conduit, 
whereby said detachable segment is easily re- 
movable from said mainstream conduit for clean- 
ing and disposal. 

13. The flow sensing system of any preceding claim, 
further including bias flow means, in fluid com- 
munication with said mainstream conduit, for pro- 
ducing a constant flow rate of air through said 
sidestream conduit. 

14. The flow sensing system of any preceding claim, 
wherein said sidestream conduit includes a pos- 
itive port at said proximal end, a negative port at 
said distal end, an input tubing connected to said 
positive port, an input restrictor disposed in said 
input tubing, an output tubing connected to said 
negative port, an output restrictor disposed in 
said output tubing, said input and output tubing 
being of equal length, and said input and output 
restrictors being symmetrically placed upstream 
and downstream, respectively, of said thermal 



JNSOOCID: <EP 055291 8A1J_> 



19 



EP 0 552 91 6 A1 



20 



flow sensing means. 

15. The flow sensing syst m of any preceding claim, 
wherein said thermal flow sensing means com- 
prises a heater element a first temperature s ns- 5 
ing element disposed upstream of said heater 
element, and a second temperature sensing ele- 
ment disposed downstream of said heater ele- 
ment, for measuring the flow rate of said gas 
through said sidestream conduit. 10 

16. A method for measuring rate of gas flow in a 
mainstream conduit having a means for restrict- 
ing gas flow therein, and a sidestream flow sens- 
ing subsystem connected for fluid communica- is 
tion with upstream and downstream portions of 
said gas flow relative to said means for restricting 

gas flow, said sidestream flow sensing subsys- 
tem having flow sensing means operative to gen- 
erate an output signal representative of gas flow 20 
from said mainstream conduit through said side- 
stream flow sensing subsystem, said flow sens- 
ing means being operative to measure a range of 
sidestream gas flow rates over which the corre- 
sponding output signal is substantially linearly 25 
proportional to said sidestream gas flow, and 
comprising the steps of: 

scaling said selected output signal by a 
multiplicative factor and an additive factor to gen- 
erate an amplified sensor output signal; and 30 

determining said gas flow rate in said 
mainstream conduit based upon said amplified 
sensor output signal. 

17. The method of Claim 16, wherein said means for 35 
restricting gas flow in said mainstream conduit is 

a variable orifice restrictor, such that said sensor 
output signal is proportional to the square root of 
said mainstream gas flow rate, and said step of 
determining said mainstream gas flow rate com- 40 
prises determining the square of said output sig- 
nal, and scaling said squared output signal to de- 
termine said mainstream gas flow rate. 

18. A method for measuring rate of gas flow in a 45 
mainstream conduit having a means for restrict- 
ing gas flow therein, and a sidestream flow sens- 
ing subsystem connected for fluid communica- 
tion with upstream and downstream portions of 
said gas flow relative to said means for restricting so 
gas flow, said sidestream flow sensing subsys- 
tem having flow sensing means operative to gen- 
erate an output signal representative of gas flow 
from said mainstream conduit through said side- 
stream flow sensing subsystem, said flow sens- 55 
ing means being operative to measure a range of 
sidestream gas flow rates over which the corre- 
sponding output signal is substantially linearly 



proportional to said sidestream gas flow, and 
comprising the steps of: 

selecting the sensor output signal most 
substantially linearly proportional to said side- 
stream gas flow rate; and 

determining said gas flow rate in said 
mainstream conduit based upon said selected 
sensor output signal. 

19. The method of Claim 18, wherein said step of de- 
termining said gas flow rate in said mainstream 
conduit comprises scaling said selected output 
signal by a multiplicative factor and an additive 
factor to determine said mainstream gas flow 
rate. 

20. The method of Claim 18, wherein said means for 
restricting gas flow in said mainstream conduit is 
a variable orifice restrictor, such that said sensor 
output signal is a function of said mainstream gas 
flow rate, and said step of determining said main- 
stream gas flow rate comprises determining the 
mainstream gas flow rate from said selected out- 
put signal. 
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